Varicella zoster virus (VZV) infects and becomes latent in sensory, enteric, and other autonomic neurons during the viremia of varicella. Reactivation of VZV in neurons that project to the skin causes the rash of zoster; however, reactivation of VZV in enteric neurons can cause a painful gastrointestinal disorder ("enteric zoster") without cutaneous manifestations. Detection of VZV DNA in saliva of patients with gastrointestinal symptoms may suggest enteric zoster. This diagnosis is reinforced by observing a response to antiviral therapy and can be confirmed by detecting VZV gene products in intestinal mucosal biopsies. We developed an in vivo guinea pig model that may be useful in studies of VZV latency and reactivation. VZV-infected lymphocytes are used to induce latent infection in sensory and enteric neurons; evidence suggests that exosomes and stimulator of interferon genes (STING) may, by preventing proliferation play roles in the establishment of neuronal latency.
It has long been recognized that varicella-zoster virus (VZV) infects and becomes latent in neurons in ganglia of the cranial nerves (CNG) and dorsal roots (DRG) [1, 2] . That VZV also establishes latency in autonomic ganglia was only recently appreciated [3] . Reactivation of VZV in neurons of the CNG and DRG causes zoster (shingles) when virions are conducted down the processes of the neurons to infect their cutaneous targets. However, cutaneous manifestations may not occur when VZV reactivates in autonomic neurons that do not project to the skin [4] . Giant cell arteritis is an example of an occult form that zoster takes when latent VZV reactivates in sympathetic ganglia [5] . Another set of autonomic ganglia in which VZV latency occurs and virus can reactivate is the enteric nervous system (ENS) [6] [7] [8] [9] . The ENS is by far the largest group of ganglia in the peripheral nervous system and the only one that can control the behavior of an organ, even in the absence of input from the brain or spinal cord [10, 11] . The ENS provides the bowel with its intrinsic innervation; however, the gut also receives an extrinsic innervation from neurons that reside in CNG, DRG, and sympathetic ganglia. Reactivation of VZV, within the ENS or in any of the extrinsic neurons that project to the bowel, can infect gastrointestinal (GI) targets and cause "enteric zoster. "
Before latency of VZV in the ENS was known, the association of VZV with GI disorders was made serendipitously when patients with a serious GI disease, such as pseudoobstruction (Ogilvie's syndrome), required surgical intervention and VZV was discovered in resected tissue screened for infective agents [12] [13] [14] [15] [16] [17] [18] . Varicella-zoster virus has also been associated similarly with inflammatory bowel disease [19, 20] and perforated ulcers [21] . Enteric zoster from reactivation of vaccine-type virus (vOka) has been found to cause perforating gastric ulcers without cutaneous manifestations [8] . Because the neurons that convey active VZV to visceral and vascular targets do not innervate the skin, reactivation of VZV in autonomic neurons may cause serious disease of the vasculature or the viscera without rash, making it difficult to diagnose.
MECHANISMS BY WHICH LATENCY IS ESTABLISHED IN NEURONS
When VZV establishes latency in neurons of DRG and CNG, the virus may reach nerve cell bodies via retrograde transport from sensory nerve terminals during varicella (chickenpox). Sensory nerve terminals are intraepidermal and thus become bathed with infectious virions released from infected neighboring epithelial cells [22] . Alternatively, a T-cell viremia, which occurs during varicella [23] , might transport VZV to neurons of DRG and CNG [2] . After its inhalation, VZV proliferates in the tonsils and is carried in skin-homing T cells to the epidermis [24] [25] [26] , where VZV slowly overcomes innate immunity to cause epidermal disruption [27] . Cutaneous zoster constitutes a return of VZV to skin, this time via anterograde transport [28] . Although sites on the skin where varicella vesicles were most numerous are often those where zoster appears [1, 29] , zoster can occur even in skin sites that were unaffected during varicella. Studies with live-attenuated varicella vaccine compellingly demonstrate this phenomenon. It was originally thought that zoster in vaccinees mainly involved the vaccinated area of the skin [30] . However, it is now apparent that vaccinees may develop vOka-caused zoster in locations far from the vaccination site [31, 32] . It is likely that a viremia, which has been detected in immunocompromised patients [33] , occurs after vaccination and infects DRG, CNG, sympathetic ganglia, and/ or the ENS. Although it may seem counterintuitive to postulate a viremia in the absence of systemic symptoms, VZV deoxyribonucleic acid (DNA) has been demonstrated in DRG removed at autopsy from vaccinated children who never had a pre-mortem VZV rash [6] . There is no reason for T cells transporting VZV during a viremia to limit their infectivity to neurons of DRG and CNG. Thus, it is ikely that the mechanism responsible for initial infection of autonomic ganglia, which do not project to the skin, is the viremia of varicella or that after varicella vaccination.
The mechanism by which T lymphocytes carrying VZV during the viremia of varicella transmit VZV to neurons enabling the virus to establish latent and not lytic infection is unknown. We found that exposure of isolated guinea pig enteric neurons to cell-associated VZV in fibroblasts results in a lytic and lethal infection [34] . Before their death, the neurons express immunocytochemically detectable late proteins, including gE, gI, and gB, as well as immediate early proteins, including ORFs 29p, 62p, and 63p, each of which are intranuclear. In contrast, exposure of isolated neurons to cell-free VZV resulted in a latent infection in which the neurons survived for weeks. Neurons with latent infection failed to express late proteins; however, low levels of transcripts and immunocytochemically detectable immediate early proteins, especially ORF63p, were found in their cytoplasm. Strikingly, the inclusion of uninfected fibroblasts with cell-free VZV in the inoculum caused a lytic infection the neurons. Evidence that infection with only cell-free VZV in isolated enteric neurons was latent and not abortive is that expression of ORF61 (or its herpes simplex virus [HSV] orthologue, ICP0) in the guinea pig enteric neurons reactivated VZV [6, 35] . Evidence of reactivation included expression of late proteins, nuclear translocation of immunofluorescence of the immediate early proteins, production of electron microscopically visible virions, transmission of infection to cocultured MeWo cells, and death of the neurons within 72 hours of expression of ORF61. More importantly, a mutant VZV lacking ORF61 was able to infect isolated guinea pig enteric neurons, but, in contrast to wild-type (WT) VZV, the ORF61 null VZV failed to produce lytic infection of neurons, even in the presence of fibroblasts [36] . ORF61p is not a structural protein; therefore, cells infected with cell-free VZV receive an inoculum that lacks ORF61p. Therefore, we initially postulated that VZV might only establish latency in neurons when infection occurs in the absence of ORF61p, that is, when cell free virions, rather than infected cells, transmit VZV to neurons.
Therefore, we tested the hypothesis that infected lymphocytes release intact varicella virions, which, because they lack ORF61p, establish latency in neurons. We found that both guinea pig and human peripheral blood mononuclear cells (PBMCs) could be infected in vitro with VZV [37] . Immunocytochemical and electron microscopic studies showed that the VZV-infected cells in the PBMC population were primarily CD3-immunoreactive T lymphocytes. When VZV-infected PBMCs were coincubated with isolated guinea pig enteric neurons, the VZV-infected lymphocytes in the PBMC population were able to transfer infection to the neurons, which was invariably latent (Figure 1 ). Thus, lymphocytes differ from other VZV-infected cells, such as fibroblasts. To determine whether VZV-infected lymphocytes in PBMC populations release infectious VZV, the infected PBMCs were grown in Transwell assemblies over a filter with a pore diameter of 0.4 µm [37] . A reporter layer of HELF cells was grown below the filters, and plaques were assayed to assess the release of cell-free VZV from the infected PBMCs. Although infectious virions readily passed through the filters when cellfree VZV was placed above the filter as a positive control, there was essentially no transfilter passage of infectious material from VZV-infected PBMCs grown over the filters. Thus, infected lymphocytes do not appear to release infectious virions. If VZV-infected lymphocytes are not a source of cell-free VZV, why then is the infection they transmit to neurons different from that transmitted by fibroblasts, which is lytic and rapidly lethal? Fusion of infected lymphocytes with neuronal targets might occur and would be a likely mechanism of neuronal infection; however, fusion of VZV-infected lymphocytes with neurons remains to be demonstrated, and an additional lymphocyte-specific intervention would have to occur to assure that the resulting VZV infection is latent. Therefore, we tested the hypotheses that VZV-infected lymphocytes secrete exosomes with content that inhibits VZV proliferation in neurons, and that this inhibition allows VZV to establish latency. Exosomes are extracellular vesicles (30-to 129-nm diameter) [38] . They are derived either from multivesicular bodies (MVBs) or plasma membrane (PM); MVBs are a subset of endosomes within which vesicles bud into the MVB lumen. If MVBs fuse (exocytosis) with the PM, they release their intraluminal vesicles, including exosomes, to the extracellular space. After release, exosomes can fuse with the plasma membrane of target cells and deliver their contents (protein, micro-ribonucleic acid [RNA], messenger RNA) to the target's cytosol. Cells infected with HSV1 have recently been shown to export stimulator of interferon (IFN) genes (STING) in exosomes, which in turn deliver STING to noninfected cells [39] . STING is a dimeric 379 amino acid endoplasmic reticulum protein that acts as a DNA sensor [40, 41] . It is interesting to note that HSV-1 enables STING export but does not induce STING or an exosome marker (CD9) to accumulate in infected cells [39] . STING initiates transcription of innate immune genes, including type I IFNs, which inhibit viral proliferation. It seems curious that cells, in which HSV1 is produced, would export a molecule such as STING for delivery to uninfected cells. Most products of herpesvirus genes foster viral growth, but STING is an innate immune sensor that is inimical to viral propagation. Possible explanations include modulating viral proliferation to prevent the host from becoming overwhelmed [42] , but, also, if transferred from VZV-infected lymphocytes to neurons in exosomes, STING might prevent VZV from proliferating [43, 44] and thereby promote latency. This would be analogous to the ability of acyclovir and IFN-α, which interfere with viral proliferation, to facilitate establishment of HSV latency [45] .
In support of the STING-induced latency hypothesis, we have found that VZV infection greatly increases STING immunoreactivity in human, guinea pig, and mouse lymphocytes; moreover, transcripts encoding STING are selectively concentrated (~100-fold) in exosomes that VZV-infected lymphocytes secrete. STING is not similarly concentrated in exosomes that noninfected lymphocytes secrete. In vivo, guinea pig enteric neurons do not express STING immunoreactivity; however, these neurons become STING-immunoreactive when VZV establishes latency (see below). Thus far, the data are consistent with the hypothesis that exosomal transfer of STING transcripts from lymphocytes to neurons causes the neurons to accumulate STING and express type 1 IFNs, which inhibit VZV proliferation and thus promote latency. To confirm the hypothesis, it will be necessary to prevent the transfer of STING from VZVinfected lymphocytes to neurons and then to show that the VZV infection that lymphocytes transfer to neurons becomes lytic, rather than latent.
STUDIES OF VARICELLA-ZOSTER VIRUS IN HUMANS
Our determination that latent infection can be established in guinea pig enteric neurons in vitro [34] , raised the question of whether VZV can establish latent infection in the human ENS. More importantly, the ENS can readily be obtained from living subjects and, for studies of VZV, ought to be preferable to DRG and CNG, which can only be obtained post-mortem. Therefore, we obtained full-thickness GI biopsies from normal regions of the bowel of patients who were undergoing surgery for reasons unrelated to VZV infection. Biopsies were obtained from 13 children who had either experienced natural varicella (n = 6) or who had received varicella vaccine (n = 7). Controls consisted of similar GI biopsies from infants who had not experienced either varicella or immunization (n = 7). The DNA and transcripts encoding at least 1 VZV gene product were detected in 12 of the 13 patients that had been exposed to VZV (through varicella or vaccination) and in none of the 7 controls. Transcripts encoding ORF63 (11 of 13) were found most frequently, followed by those encoding ORF4 (8 of 13) and ORF66 (2 of 13). Transcripts encoding the late gene products gB and gE were not detected, suggesting that VZV is latent in human bowel [6, 7] . These data are consistent with the idea that VZV establishes latency in enteric neurons after episodes of varicella or vaccination against varicella. Varicella-zoster virus DNA has also been detected in autopsied human gut, which confirms these data [46] . It is not clear why VZV transcription in human trigeminal ganglia obtained from autopsies carried out 3.7-9 hours after death appears to be more restricted than that occurring in biopsies of pediatric bowel [47] . It is conceivable that transcription during VZV latency in enteric and trigeminal ganglia is different. Alternatively, patterns of VZV transcription during latency in children and adults are not the same; adult neurons in autopsy specimens, for example, presumably have harbored latent VZV for a much longer time than neurons in intestinal biopsies of children. Vesicular gastritis has been observed during episodes of varicella [48] , which demonstrates that the ENS is a target of VZV; however, lytic infection of the ENS of this type is rare and latency evidently is much more commonly established. The more common serendipitous observations of VZV-induced bowel disease discussed above all occurred in adults and were probably instances of enteric zoster, the reactivation of VZV within enteric neurons. In 3 patients with disseminated zoster with high blood levels of viral DNA and severe abdominal pain, VZV DNA has been detected in stool, confirming the occurrence of enteric zoster [9] . There is also evidence of early reactivation of VZV in the esophagus in a case of congenital varicella syndrome [49] .
The hidden nature of VZV infection of the viscera or vasculature makes the development of a noninvasive diagnostic test to identify VZV a high priority. The appearance of DNA encoding VZV gene products in saliva of patients in which a VZV infection is active has recently emerged as such a diagnostic tool. The discovery of this phenomenon followed from the observation that salivary VZV DNA was detected in astronauts who experienced asymptomatic reactivations of VZV as a consequence of space travel [50, 51] . The stress and/or immunosuppression associated with space travel also seems to provoke the asymptomatic reactivation of other herpesviruses, indicated by the presence of DNA encoding their viral gene products in saliva [52] . The observations on astronauts led to the investigation of the utility of using saliva to diagnose VZV infections. Salivary VZV DNA was found both in patients with varicella [53] and zoster [54] . Moreover, VZV DNA persists in saliva of patients with zoster long after the rash has cleared, although the presence of salivary VZV DNA was found not to be related to the development of post herpetic neuralgia [55] . Subsequently, the appearance of salivary VZV DNA was found to occur transiently without evidence of VZV infection in children experiencing the severe stress of hospitalization [56] ; moreover, no VZV DNA was observed in random samples of saliva of 80 adult controls [57] . These studies suggested that any active VZV infection, even one that is occult, might lead to the appearance of VZV DNA in saliva. Therefore, we tested the hypothesis that GI reactivation of VZV can be revealed by finding salivary VZV DNA in patients with GI symptoms, such as unexplained persistent abdominal pain [8] . Although we found that 0 of 20 healthy controls had VZV DNA in saliva, salivary VZV DNA was present in 13 of 18 (72%; P < .0001) positive controls, consisting of patients in whom the diagnoses of zoster, zoster sine herpete, or varicella had been made clinically. Surprisingly, salivary VZV DNA was found in 11 of 24 (46%; P < .001) subjects with unexplained abdominal pain but in none of 5 subjects (0%) with unrelated GI disorders. In 8 of 8 subjects with abdominal pain, both the pain and salivary VZV DNA disappeared within 1 week on treatment with valacyclovir. Salivary VZV DNA also disappeared after the pain resolved in all patients.
One of the patients with abdominal pain and salivary VZV DNA was a 16-year-old boy who presented with the sudden development of perforated gastric ulcers. This necessitated a wedge gastrectomy to close the bowel and stop the bleeding. Helicobacter was not detected; however, the presence of salivary VZV DNA led to an examination of the surgically removed tissue. Varicella-zoster virus DNA (vaccine-type; vOka) was discovered in the resected stomach; immediate early (ORF63p) and late (gE) VZV proteins were immunocytochemically detected in the patient's gastric epithelium. More importantly, no surviving enteric neurons were found despite the use of multiple neural markers, suggesting that the tissue had become denervated due to the acute illness. After recovery, VZV DNA and proteins were not detected in either gastric biopsies or saliva. Because this patient had been vaccinated and the virus was vaccine-type, he clearly had enteric zoster (reactivation). Despite the evident reactivation of vOka to cause the patient's disease, no obvious immunological abnormalities were detected. Still, these data are consistent with the idea that salivary VZV DNA can be used as a diagnostic marker, suggesting enteric zoster in patients with severe unexplained abdominal pain [58] . Tests of stool [9] in patients found to have VZV DNA in saliva may help to confirm the diagnosis.
Testing of saliva for VZV DNA to find potential cases of enteric zoster has recently revealed 2 additional patients in whom analyses of GI tissue confirmed the diagnosis. One was a 9-year-old boy who presented with an immunological abnormality of dysfunctional natural killer (NK) cells, acute zoster on his buttock, and unexplained severe abdominal pain. Varicella-zoster virus DNA and transcripts encoding ORF62, ORF63, ORF67, and ORF68 were detected in colonic mucosal biopsies. The immunoreactivities of VZV gB and the neuronal marker, PGP9.5, were coincident in terminal axons apparently innervating gB-immunoreactive neuroendocrine cells in crypts of the colonic mucosal epithelium. Sequencing of VZV ORF62 revealed that the responsible virus was vaccine type. The patient's abdominal pain abated, and salivary VZV DNA disappeared after treatment with acyclovir. Because the virus involved was vOka, reactivation of VZV must have been responsible for the colonic disease; moreover, the relationship of VZV-infected nerve terminals to infected enteroendocrine cells suggests that VZV-infected nerves transmit VZV to epithelial cells they innervate. Another patient was a young adult male with Crohn's disease receiving prednisone who developed severe abdominal pain. He had a history of varicella at 18 months of age and was not vaccinated. His previous history included "several" rashes thought to be recurrent zoster. Salivary VZV DNA was found during the investigation of his abdominal pain, which led to treatment with valaciclovir, after which salivary VZV DNA disappeared. A colonic mucosal biopsy was obtained but unfortunately not before valacyclovir was administered. Although VZV DNA was found in the colonic mucosa, no transcripts encoding any VZV gene products were detected. The presence of VZV DNA without transcripts in the colonic mucosa is consistent with the idea that an active infection with VZV had been present but that the virus was no longer active and transcribing gene products. Viral DNA, perhaps even in fragments, may persist in phagocytes that have ingested the remains of infected cells. The enteric zoster in this patient was presumably due to WT VZV because he had a history of varicella. The relationship of VZV and the recurrent zoster to the patient's Crohn's disease merits further investigation.
GUINEA PIG MODEL OF VARICELLA-ZOSTER VIRUS INFECTION, LATENCY, AND REACTIVATION
Although the burden of VZV-induced GI disease cannot yet be assessed, our observations made using salivary VZV DNA as a noninvasive marker suggest that enteric zoster may be far more common than currently realized. It is difficult to investigate mechanisms of VZV latency and reactivation in the human ENS. Therefore, we developed a guinea pig model of VZV latency and reactivation to learn how VZV establishes and maintains latency in enteric neurons, what provokes its reactivation, and the manifestations of enteric zoster [37] . Intravenous injection of human or guinea pig VZV-infected PBMCs (10 6 cells in 200 mL), primarily CD3 + T lymphocytes, leads in recipient guinea pigs, first to transient infection of macrophages in lung and liver, and then to latent infection of virtually all enteric and DRG/CNG neurons. In these experiments, in situ hybridization with a probe designed to detect DNA encoding VZV ORF54 was used to identify cells harboring latent VZV. Immunologically intact hairless guinea pigs were used to facilitate detection of rash. In addition to the systemic infection with intravenous VZV, we restricted infection by injecting VZV directly into the wall of the gut during laparotomy or into multiple (~100) cutaneous sites. Under these conditions, latent infection was restricted, respectively, to the injected region of the bowel or to the region of the gut innervated by the DRGs that project to the injected skin. Small numbers of DRG neurons of both guinea pig and mouse were found (with 2 retrograde tracers) to project both to the skin and to the gut [7] .
We used the systemic model of VZV latency in guinea pigs to test the hypothesis that stress and/or immunosuppression reactivates VZV. To produce latent infection, PBMCs were isolated, infected with VZV expressing green fluorescent protein (GFP) under the control of the promoter for ORF66 (VZV ORF66.GFP ), and injected intravenously into hairless guinea pigs [59] . The immunoreactivities of VZV ORF63, gE, or GFP were used to identify VZV-infected cells in recipient guinea pigs. per day), after which intravenous corticotrophin-releasing hormone (4 g/kg) was given to mimic stress. Controls included (1) uninfected animals receiving tacrolimus + corticotrophin releasing hormone (CRH) and (2) VZV-infected animals treated only with tacrolimus or (3) only with CRH. One week later, 5 of 5 VZV ORF66.GFP -infected animals that had received both tacrolimus + CRH (but no controls) became anorectic, lost up to 20% body weight, and acquired a segmental green fluorescent rash. Varicella-zoster virus DNA was detected in saliva and transcripts encoding gE and gI, were found in blood, colon, ileum, DRG, liver, pancreas, heart, skin, and kidney. Blood chemistries were abnormal, suggesting multiorgan disease and carditis. Scattered GFP-expressing enteric and DRG neurons coexpressed gE as did cardiomyocytes and cells of the region of the epidermis with rash. These observations suggest that immunosuppression, combined with CRH, induces VZV to reactivate in guinea pigs. The resulting syndrome resembled disseminated zoster. The intravenous injection of VZV ORF66.GFPinfected lymphocytes produced a latent infection in almost all DRG and enteric neurons. To our knowledge, this is the first animal in which latent infection and reactivation of VZV has been induced. In a recent study, simian varicella virus has also been found to establish latency in the monkey ENS [46] .
CONCLUSIONS
The viremia of varicella [23] , in which VZV is transported in T lymphocytes, carries VZV to the ENS [6, 7] and other autonomic neurons [3] , which lack cutaneous projections. Severe pain and GI involvement is a dire sign when it occurs in varicella [48, [60] [61] [62] [63] [64] [65] . Thus, our observation that VZV-infected CD3 + lymphocytes of guinea pigs and humans transmit latent infection to enteric neurons is highly significant. This stillto-be explained predilection of lymphocytes to deliver only latent VZV to neurons, including those of the ENS, is an adaptation that fosters survival of host and virus. The ENS is a bystander that becomes secondarily enmeshed in the viral web because of the viremia of varicella. Once in the ENS, however, VZV can reactivate. Small reactivations in the bowel might be controllable because the gut is a major immune organ and might even help to maintain long-term immunity to varicella. However, enteric zoster is not always a small reactivation; it can be devastating, as when it causes pseudoobstruction or perforating ulcers. The occult and internal nature of enteric zoster and its low index of suspicion have limited what is currently known about it. Our observations with salivary VZV DNA as a noninvasive marker suggest that enteric zoster may also be a common problem. The guinea pig model of VZV latency and reactivation may help to determine how VZV establishes latency in the ENS, what provokes its reactivation, the manifestations of enteric zoster, and, ultimately, its contribution to GI disease. 
